Lungs accumulate 5-hydroxytryptamine (serotonin, 5-HT) from the perfusate by a sodium-dependent, energy-requiring, saturable process. The rate-limiting step for uptake is the transport of 5-HT and not its subsequent metabolism to 5-hydroxyindoleacetic acid. Autoradiographic studies indicate that the puhnonary endothelium is the cellular site ofuptake. The effect ofhyperoxia on lung clearance of5-HT was studied with isolated perfused and ventilated lungs from rats that were previously exposed to hyperoxia. Lungs were perfused with recirculating electrolyte solution and initial of 0.25pM. The calculated fractional 5-HT clearance (fraction of 5-HT removed in a single pass) was 0.77 + 0.02 (mean + SE: n = 44) for control rats. Mean fractional clearance decreased by 20% in rats exposed to 1 atm 02 for 18 hr and 30% after 4 atmospheres absolute (ata) 02 for 1 hr (p<0.05). The effectsof02 at4 ata were in part reversed by exposure to air for 3.5 hr and in part prevented by injection of superoxide dismutase (60 nmole/kg body weight). This degree of 02 exposure at either 1 or 4 ata had no effect on lung content of adenine nucleotides or the distribution of 3H-5-HT on autoradiography. Rats maintained for 6 weeks on a vitamin E-deficient diet showed an increased effect of hyperoxia on 5-HT clearance and did not show reversal ofchanges after 24 hr of air breathing. The results indicate that exposure to elevated Pm2 results in reversible depression of puhnonary 5-HT clearance that is potentiated by vitamin E deficiency. This suggests alteration of pulmonary endothelial membrane transport properties due to 02 toxicity.
5-HT clearance (fraction of 5-HT removed in a single pass) was 0.77 + 0.02 (mean + SE: n = 44) for control rats. Mean fractional clearance decreased by 20% in rats exposed to 1 atm 02 for 18 hr and 30% after 4 atmospheres absolute (ata) 02 for 1 hr (p<0.05). The effectsof02 at4 ata were in part reversed by exposure to air for 3.5 hr and in part prevented by injection of superoxide dismutase (60 nmole/kg body weight). This degree of 02 exposure at either 1 or 4 ata had no effect on lung content of adenine nucleotides or the distribution of 3H-5-HT on autoradiography. Rats maintained for 6 weeks on a vitamin E-deficient diet showed an increased effect of hyperoxia on 5-HT clearance and did not show reversal ofchanges after 24 hr of air breathing. The results indicate that exposure to elevated Pm2 results in reversible depression of puhnonary 5 -HT clearance that is potentiated by vitamin E deficiency. This suggests alteration of pulmonary endothelial membrane transport properties due to 02 toxicity.
Clearance of Serotonin and Other Amines by the Lung
It is well-established that the lungs of mammalian species remove 5-hydroxytryptamine serotonin) from the pulmonary circulation and metabolize it to 5-hydroxyindoleacetic acid (5- HIAA) (1) (2) (3) (4) (5) (6) . This process of uptake and metabolism serves to inactivate circulating serotonin, and may be important in regulating the systemic arterial concentration of this powerful vasoconstrictor. Although other organs may also remove serotonin from the perfusate, the role of the lung may be of major importance because this organ consists of a vast capillary bed which receives the entire cardiac output. The site of serotonin uptake in the pulmonary capillaries has been localized to the pulmonary endothelial cell (7, 8) .
Several lines of evidence indicate that capillary endothelial uptake of serotonin is carrier-mediated, and is very likely an active transport process. First, measurement of 5-HT uptake as a function of perfusate concentration suggests a saturable process (4, 7, 9) . Second, uptake requires the presence of Na+ in the perfusate (4) and is inhibited by ouabain (4, 10), suggesting involvement of the Na+ K+ activated ATPase. Third, uptake is inhibited by hypothermia (3, 4, 7) , anoxia (4, 6), cyanide (6) and absence of a metabolizable substrate (6), indicating the requirement for metabolically generated energy. The use of 2-dexoyglucose illustrates the requirement for metabolic energy. This agent, which serves as an ATP trap and inhibitor of glucose metabolism, leads to depression of serotonin uptake that can be reversed by adding a metabolizable substrate (11) . Finally, uptake of serotonin can be blocked by in-quires demonstration of uptake against a concentration gradient, but this has not yet been accomplished because of the difficulty of demonstrating free, i.e., unbound, intracellular serotonin.
The rate-limiting step for serotonin clearance from the perfusate is the uptake process rather than the subsequent metabolism of 5-HT to 5-HIAA. Thus the presence of a monoamine oxidase inhibitor such as iproniazid does not affect the rate of uptake of 5-HT although conversion to 5-HIAA is markedly depressed (14, 6) . On the other hand, a possible effect of prolonged MAO inhibition on serotonin uptake has not been evaluated.
Other amines are also removed from the circulation by lung endothelium although uptake mechanisms may vary. Norepinephrine, like serotonin, is removed by a carrier-mediated process of pulmonary endothelium (2, 7, 10) that can be differentiated pharmacologically from the 5-HT carrier (12) . Imipramine, which is not transported intracellularly and does not undergo metabolic transformation, is removed through specific binding to the cell membrane (13 
Pulmonary Oxygen Toxicity
Exposure of animals to oxygen partial pressures above 0.5 atmospheres absolute (ata), i.e., approximately 350 mm Hg, results in their death with a time course that is a hyperbolic function of inspired oxygen (14, 15) . With 02 partial pressures up to approximately 2.5 ata, the lungs are the predominant site of injury. Electron microscopic studies of oxygen-damaged lungs have shown lung cell injury with destruction most marked in the pulmonary endothelium (5, 16, 17) . This information provided the background to investigate the influence of hyperoxia on the subsequent ability of lungs to remove serotonin and other amines from the pulmonary circulation. The goal was to define the early manifestations of hyperoxic damage to pulmonary endothelium.
Effects of Oxygen Exposure on
Clearance of Serotonin and Other Amines Specific pathogen-free rats weighing 250-300 g were exposed to 02 for varying durations at either 1 ata in an environmental chamber or 4 ata in a R /1 hyperbaric pressure chamber. The use of specific pathogen-free rats is important to minimize the complication of possible respiratory tract infections. Sexually mature animals were chosen for study because of the known decreased susceptibility of immature rats to the toxic effects of 02 (18 6 weeks before 02 exposure. TIME (min) Vitamin E deficiency in these rats was confirmed TIME (mn) with the dialuric acid erythrocyte hemolysis test (19) . Rats maintained on the vitamin E-deficient diet ioncentrations of (-) serotonin and (--) 5-hydroxygained weight normally. uptake was evaluated in a recirculating system (20) . The first order rate constant was calculated from the semilogarithmic decrease of perfusate serotonin concentration as a function of time; the fractional clearance was calculated from the rate constant and the average recirculation time (6) . Uptake of norepinephrine and imipramine was evaluated using "once-through" perfusion. Clearance of these amines was calculated from the arterial-venous difference in concentration and the rate of perfusion (21) . Assay for each of the amines in the perfusate was done by radiolabel counting following separation of the amine from its metabolic products.
Effects of Oxygen Exposure on Serotonin Clearance
Normal Rats
Fractional clearance of serotonin in control animals that were not exposed to oxygen was approximately 0.80, indicating that approximately 80% of the serotonin presented to the lung was cleared during a single passage through the pulmonary circulation. Mean serotonin clearance in lungs from rats exposed to oxygen was decreased by 5% after 4 after 48 hr 02 (Fig. 3) . The effect of 02 on serotonin clearance was an approximate hyperbolic function of exposure time with an estimated plateau value of 40-50% depression of clearance. These results suggest that the ability of the lungs to remove serotonin from the perfusate was depressed within the initial 12 hr of oxygen exposure. Hyperbaric oxygen at 4 ata greatly accelerated the depression of serotonin clearance. After 1 hr of hyperbaric exposure, clearance was depressed by 30% (Fig. 4) , which was approximately equivalent to the effect of 1 ata 02 for 24 hr.
Vitamin E-Deficient Rats
Vitamin E-deficient rats demonstrated increased susceptibility to the effects of oxygen on pulmonary clearance of serotonin. With 02 at 1 ata, 5-HT clearance was depressed by 45% after 12 hr of exposure. This exceeded the effect of 48 hr 02 exposure on normal animals (Fig. 5) . The increased susceptibility to 02 of vitamin E deficient rats was also seen with hyperbaric exposure. Serotonin clearance in vitamin E deficient rats was depressed by approximately 30% after 45 mins and 45% after 60 mins of exposure (Fig. 4) . Rats repleted with vitamin E by intraperi-
Protection Against the Effects of Oxygen
The use of hyperbaric exposure provided a convenient model for evaluating the effect of possible protective agents on the pulmonary response to hyperoxia since only short exposures were required. Rats were treated with a single dose of possible protective agents intraperitoneally 45 min prior to exposure (22) . GSH (reduced glutathione) (16 mmole/kg body weight) or sodium succinate (12 mmole/kg body weight) had no effect on subsequent depression of serotonin clearance by hyperbaric oxygen exposure (Fig. 4) . It should be noted that these rats were fed prior to administration of succinate although fasting is required to prolong survival by this agent (23) . Pretreatment of animals with superoxide dismustase (Palosein, Diagnostic Data Inc., Mountain View, Calif.) (60 nmole/kg body weight) partially prevented the subsequent effects of (7)j (7) (9) 1(8)1(5) Vit. E DEFICIENT hyperbaric oxygen on serotonin clearance (Fig. 4) . In five animals pretreated with superoxide dismutase, mean serotonin clearance was depressed by only 11%, compared with 30% decrease in salineinjected control animals.
Recovery From Hyperoxic Lung Damage
The hyperbaric exposure model was also used to study recovery from oxygen-induced depression of serotonin clearance (24) . Following 02 exposure at 4 ata, animals breathed room air for varying periods before measurement of serotonin clearance. In animals fed with a normal diet, serotonin clearance was partially restored to control values after 1.5 hr of air breathing and was approximately 90% of control after 3 hr. On the other hand, recovery of vitamin E deficient animals from 02 toxicity was much delayed. Vitamin E deficient animals showed essentially no recovery of serotonin clearance by 3 hr after 02 exposure and even 24 hr post-exposure of air breathing, serotonin clearance was 30% below control values. This data suggests that vitamin E not only protects against hyperoxic depression of serotonin clearance but is also required for recovery from the toxic effects of 02.
Effects of 02 Exposure On Clearance Of Norepinephrine And Imipramine
Clearance of norepinephrine by lungs was also depressed following hyperoxia (21) . The relationship between duration of oxygen exposure at 1 ata and depression of norepinephrine clearance essentially paralleled the findings with serotonin (Table 1) . Norepinephrine clearance was depressed by 39% after 24 hr and by 51% after 48 hr of 02. On the other hand, imipramine clearance (21, 25) was unaffected by oxygen exposure for up to 48 hr (Table 1) .
Pulmonary Physiologic, Morphologic, and Metabolic Effects of Hyperoxia
The above studies indicated that depression of serotonin uptake was an early and reversible manifestation of pulmonary oxygen toxicity that was potentiated by vitamin E deficiency. Additional studies indicated that depression of serotonin uptake occurred before other evidence of morphologic, physiologic or biochemical derangement of the lungs. The normal rats exposed to oxygen at 1 ata for up to 48 hr or 4 ata for 1 hr had no signs of respiratory distress, and their lungs appeared grossly normal.
The hyperbaric oxygen exposure was just below the convulsive threshold but an occasional rat did develop generalized seizures and was not used for further studies. Vitamin E-deficient rats developed respiratory distress after 18 hr exposure to 1 ata or 1 hr exposure to 4 ata of oxygen.
Physiologic Changes In Lungs From 02 Exposed Rats
Perfusion pressure at constant flow rate and ventilation pressure at constant tidal volume were measured in the isolated lung during lung perfusion in order to evaluate lung mechanical and vascular properties. Similar values for these pressure measurements were obtained for control and oxygenexposed normal or vitamin E deficient animals. To evaluate the distribution of perfusate to the lung, 85Sr-labeled microspheres (15 ,um diameter) were infused into the pulmonary artery (19) . The distribu- (4) tion of radioactivity per unit tissue was slightly greater in the lower compared to upper lobes, but was similar in control and O2-exposed animals. The ratio of lung dry to wet wt and the end of perfusion was 0.17-0.18 for both control and oxygen-exposed animals. These are normal values for dry to wet weight ratio of rat lungs perfused with electrolyte solutions indicating the absence of significant fluid accumulation.
The results suggest that derangement of lung mechanics, altered pulmonary perfusion, or lung edema was not associated with the decreased serotonin clearance that occurred with 02 exposure.
Metabolic Effects Of Hyperoxia
Lung metabolism as a function of oxygen exposure was evaluated by measuring lung tissue adenine nucleotides and the rates of lung lactate and pyruvate production (26) . After 1 hr perfusion, lung ATP and ATP/ADP were maintained at a high level with no significant difference between control and 02-exposed rats ( 
Electron Microscopy And Autoradiography
In order to study the effect of 02 on localization of 5-HT, the lungs from two rats exposed to 02 at 4 ata for 1 hr and one rat exposed to 02 at 1 ata for 48 hr were perfused with 3H-serotonin in the presence of iproniazide to prevent 5-HT metabolism. Examination of these lungs with the electron microscope failed to reveal ultrastructural abnormalities at the level of the alveolar septum. On autoradiography of the 02 exposed lungs, silver grains were localized predominately to the endothelial cells (Fig. 6 and Table 3 ). These results indicate that this degree of hyperoxia did not cause ultrastructural damage to the lung and that the accumulation of serotonin even with oxygen-exposed animals was still predominately in the endothelial compartment. physiologic, or metabolic criteria. On the other hand, removal of imipramine was not depressed at this stage ofoxygen exposure. This differential effect on clearance can be explained by the differences in normal handling of the amines. Serotonin and norepinephrine are probably transported actively by the pulmonary endothelial cell while imipramine is cleared by passive binding. Therefore, we conclude that oxygen may exert its effect on the pulmonary endothelial cell membrane and thereby interfere with the active transport process for circulating amines. Since uptake of both serotonin and norepinephrine was affected, the toxic effect of 02 either involved more than one carrier or some basic mechanism common to the transport of both amines. The results with metabolic studies suggests that the common mechanism was not alteration of energy supply. One possibility is an effect of 02 on the membrane Na+-K+ATPase. The answer to this problem awaits further definition of the precise mechanisms involved in amine transport.
Summary and Conclusions
Exposure to elevated partial pressure of oxygen results in early and reversible depression of active amine (serotonin and norepinephrine) transport by the rat lung. A possible mechanism is that 02 exerts a toxic effect on the pulmonary endothelial cell membrane. The findings may provide a convenient metabolic marker for the early toxic effects of oxygen on the lung. The significance of decreased amine clearance in the pathogenesis of the systemic manifestations of oxygen poisoning remains to be evaluated.
